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Freshwater ponds deliver a broad range of ecosystem services (ESS). Taking into account this broad range
of services to attain cost-effective ESS delivery is an important challenge facing integrated pond
management.
To assess the strengths and weaknesses of an ESS approach to support decisions in integrated pond
management, we applied it on a small case study in Flanders, Belgium.
A Bayesian belief network model was developed to assess ESS delivery under three alternative pond
management scenarios: intensive ﬁsh farming (IFF), extensive ﬁsh farming (EFF) and nature conservation
management (NCM). A probabilistic cost-beneﬁt analysis was performed that includes both costs asso-
ciated with pond management practices and beneﬁts associated with ESS delivery.
Whether or not a particular ESS is included in the analysis affects the identiﬁcation of the most
preferable management scenario by the model. Assessing the delivery of a more complete set of
ecosystem services tends to shift the results away from intensive management to more biodiversity-
oriented management scenarios.
The proposed methodology illustrates the potential of Bayesian belief networks. BBNs facilitate
knowledge integration and their modular nature encourages future model expansion to more encom-
passing sets of services. Yet, we also illustrate the key weaknesses of such exercises, being that the choice
whether or not to include a particular ecosystem service may determine the suggested optimal man-
agement practice.
© 2014 Elsevier Ltd. All rights reserved.1. Introduction
Freshwater ponds are multi-functional ecosystems that provide
a broad set of social, ecological and economic beneﬁts for human
well-being (IUCN, 1997; Bekeﬁ and Varadi, 2007; EPCN, 2007;
Downing, 2010). These beneﬁts are collectively referred to as
ecosystem services (Daily, 1997; MEA, 2005). Typical services of
pond systems include ﬁsh production, water supply, nutrientntal Toxicology and Aquatic
, B-9000 Ghent, Belgium.
yt).retention, carbon sequestration, biodiversity and recreational use
(EPCN, 2007). Despite the high potential of ponds for the provi-
sioning of multiple services, evaluations of management practices
typically focus on a limited number of services, such as ﬁsh pro-
duction, whereas other beneﬁts are frequently overlooked (Pechar,
2000). More recently, the awareness of the importance of social and
ecological aspects of pond management is rapidly growing,
amongst others through the implementation of the common ﬁsh-
eries policy of the European Union, which strives toward sustain-
able aquaculture, and the Strategic Plan for Biodiversity
2011e2020, which aims to stop biodiversity loss by 2020 (UNEP/
CBD, 2010). Currently, there is a strong need to take into account
the multi-functionality of pond ecosystems during the develop-
ment of management plans. Models and decision support tools are
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plans. Although several studies have been conducted on multi-
functionality of pond systems (Cereghino et al., 2010; Kloskowski,
2011), integration of this multi-disciplinary knowledge into prac-
tical management suggestions is rarely done.
In the past, several decision support systems have been specif-
ically designed to aid the development of management programs
for freshwater ponds and lakes (e.g. Gawne et al., 2012; Gutierrez-
Estrada et al., 2012). Although these tools have proven to be
promising in suggesting alternative management practices during
adaptive pond management, they generally focus only on one or a
very limited number of objectives. The majority of beneﬁts, espe-
cially the less tangible ones, are frequently omitted, whichmay lead
to wrong, ill-informed decisions. An approach that takes into ac-
count ecosystem services (ESS), as mentioned by Soto et al. (2008),
can tackle this problem due to its ability to identify, model and
assess a more encompassing set of beneﬁts associated with eco-
systems. This can guide pondmanagement toward amore balanced
delivery of economic, social and ecological beneﬁts, where beneﬁts
are optimized and trade-offs between beneﬁts are revealed. Cost-
beneﬁt analysis (CBA) is a convenient method to put the ESS
approach into practice (Newton et al. 2012). CBAs include both
costs associated with management practices and beneﬁts associ-
ated with ESS delivery. As the beneﬁts of ESS delivery can be
expressed in monetary terms (Costanza et al., 1997), costs and
beneﬁts can be compared directly and management decisions can
be optimized toward more cost-effective ESS delivery. These CBAs
have been referred to as environmental CBAs by Atkinson and
Mourato (2008). As management of natural systems isFig. 1. Pond complex ‘Midden-Limburg’, located ininextricably linked with uncertainties, knowledge on the un-
certainties associated with particular management outcomes is
valuable and should be taken into account in CBAs (e.g. Bianchini
and Hewage, 2012; Karmperis et al. 2012). Research of Newton
et al. (2012) indicates that calculated net beneﬁts can be highly
sensitive to market price ﬂuctuations. Although the importance of
risks in environmental management is widely recognized, explicit
consideration of uncertainties in environmental CBAs is currently
limited (e.g. Ticehurst et al., 2007; Barton et al., 2008).
This paper discusses a methodology to perform an environ-
mental, probabilistic CBA to assess the effect of different pond
management practices on ESS delivery, and analyses the effect of
taking more/less putative ecosystem services into account. As the
outcome of such CBAs may strongly depend on the type and
number of ESS taken into account, we assessed the sensitivity of the
CBA outcomes on including or excluding particular services into the
analysis. For this purpose, a Bayesian belief network (BBN) model
was developed to model ecosystem functioning and service de-
livery of a single pond. This study focusses both on the potential of
BBNs to facilitate cross-disciplinary communication for knowledge
integration as well as on the sensitivity of ESS assessments to the
set of services taken into account.
2. Methods
2.1. Study area
The pond complex ‘Vijvergebied Midden-Limburg’, located in
the north-eastern part of Belgium (Fig. 1), was selected as studythe North-East of Belgium, in West-Europe.
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and ponds of which many originate from the extraction of iron ore
and peat (Lemmens et al., 2013). The area is well known for its high
ecological values, which largely result from extensive management
of the ponds during past decades. Recent intensiﬁcation of ﬁsh
farming activities has resulted in considerable ecological degrada-
tion of the ponds in the region and has led to an important loss of
biodiversity. The present study focusses on ESS delivery of a single
pond in this pond complex, using data for model development that
were gathered from several ponds in the pond complex. For a
detailed description of the study area, we refer to Lemmens et al.
(2013).
The current pond management strategies in the region can be
classiﬁed into three major types. A number of ponds are managed
for purposes of nature conservation (NCM), some ponds are used
for extensive ﬁsh farming (EFF) and an important number of ponds
are used for intensive ﬁsh farming (IFF). Major differences among
the considered management scenarios include the level of shore-
line complexity, the initial stocking of ﬁsh (benthivores, plankti-
vores and piscivores), the use of industrial ﬁsh feeds, and
accessibility for recreational activities. In all management types,
ﬁsh is harvested during pond drainage. Ponds that are managed for
purposes of nature conservation are drained annually in autumn
and reﬁlled in early spring. After reﬁlling, these ponds are stocked
with low densities of planktivorous and benthivorous ﬁsh
(0e30 kg ha1 year1). A considerable number of ponds under
nature conservation management receive no ﬁsh stocking. Ponds in
use for extensive ﬁsh farming are occasionally drained (approxi-
mately every two or three years) and are initially stocked with a
moderate density of planktivorous, benthivorous and piscivorous
ﬁsh (30e80 kg ha1 year1). Additional ﬁsh feeds are not used in
nature conservation management and extensive ﬁsh farming
management. Ponds in use for intensive ﬁsh farming are annually
drained in autumn and are stocked in spring with high densities of
planktivorous and benthivorous ﬁsh (100 kg ha1 year1). Indus-
trial feeds are used to increase ﬁsh production (approximately
1400 kg ha1 year1). Each management type has ﬁxed and vari-
able ﬁnancial costs. Fixed costs basically comprise the costs related
to the maintenance of the pond (e.g. reparation of dykes, silt
removal, mowing of vegetation), whereas variable costs are closely
related to ﬁsh stock management (stocking densities, industrial
feeds, ﬁsh harvesting). The annual ﬁxed management costs have
been estimated to amount toV778, V558 and V338 per hectare for
IFF, EFF and NCM, respectively (Lemmens, unpublished data).
2.2. Selection of ecosystem services
In the present study, the selection of ESS was based on the
relevance of the services for the study area, whether or not their
delivery can be altered by the considered management strategies,
as well as on data and knowledge availability. Based on the CICES
V4.3 classiﬁcation (Haines-Young and Potschin, 2011), we selected
six ESS that fulﬁlled all criteria: ﬁsh production, water quality
regulation through nitrogen retention and four interlinked cultural
services, including both use and non-use values. For a detailed
overview of the selected services and their CICES classiﬁcation, we
refer to Table S1 in Supporting information. Aside from the cultural
services, each ESS is assessed through a different indicator. The four
selected cultural services were jointly assessed with a willingness-
to-pay indicator per household (Hoyos, 2010). Supporting services,
as deﬁned by the MEA (2005), are not taken into account to avoid
double counting. We note that we only considered one regulating
service, whereas others may be of similar importance for the region
(e.g. regulation of water quantity and avoidance of ﬂooding; regu-
lation of water quality besides nitrogen retention). This needs to beconsidered when interpreting the results. Biodiversity is also not
included as an ESS in this study. Biodiversity is in part valued
through the valuation of the cultural ESS. Nevertheless, outcomes
of ESS studies should be complemented with biodiversity conser-
vation aims to support ﬁnal management decisions as only the
utilitarian value of components of biodiversity can be inferred by
ESS valuation (Swift et al., 2004).
2.3. Model development
2.3.1. Bayesian belief networks
A Bayesian belief network (BBN) is a multivariate statistical
model that consists of two structural components: a causal
network, often referred to as the directed acyclic graph (DAG), and
conditional probability tables (CPTs) that quantify the relations in
the graph. The DAG consists of a set of nodes, representing the
system's variables of interest, and a set of arrows, indicating the
putative relationships between the system's variables. Each node
has a ﬁnite set of states it can manifest. The beliefs to what extent
its different states are realized are expressed through a probability
distribution. The probability distribution of a node X is determined
by the realized states of its preceding or parent nodes, using the
conditional probability P(Xjparents(X)), described in Bayes' theo-
rem. These conditional probabilities are tabled in the model's CPTs
and quantify the strengths of the relationships between the net-
work's variables. For a detailed model description and statistical
background we refer to Jensen (2001).
2.3.2. Model development
Model development was carried out according to the guidelines
described by Marcot et al. (2006). First, an inﬂuence diagram was
composed to describe the expected cause-effect ﬂows of service
provision of a single pond. We developed the causal network based
on a consultation of researchers involved in ecological research in
the study area. The quantiﬁcation of the CPTs was mainly based on
gained expert knowledge obtained from recent scientiﬁc research
in the study area (e.g. Lemmens et al., 2013). When available, site-
speciﬁc empirical relations and site-speciﬁc data were preferred
over expert knowledge to populate the model's CPTs, through
Monte Carlo simulations and model learning, respectively. The
spatial and temporal resolution considered for the model was one
pond, with a water surface of one hectare, and one year, respec-
tively. Model implementation was carried out in Netica (Norsys
Software Corporation, 1998). To make sure the ﬁnal model
adequately reﬂected the system's functioning, the formerly con-
sulted experts were confronted with a sensitivity analysis of the
model. After evaluation and approval of the sensitivity analysis
results, the model was converted into a Bayesian decision network
(BDN) by adding a decision node, representing the different man-
agement scenarios, and a utility node, representing the sum of the
monetary value of the provided services minus the management
costs, for each management scenario. A schematic representation
of the developed BDN is shown in Fig. 2. For a full representation of
the operational model, see Fig. S1.
2.3.3. Process description
To populate the CPTs in the developed BBN, different knowledge
sources were exploited, ranging from data and existing models to
literature and expert knowledge. This section brieﬂy discusses the
development of all components of the network, including scenario
deﬁnition, ﬁsh production modeling, cultural value modeling and
nitrogen retention modeling. More details on the types of knowl-
edge used in each submodel and technical details related to model
implementation can be found in the Supporting Information
(Appendix S1).
Fig. 2. Conceptual BBN scheme of ESS provision in the study area (based on Landuyt et al., 2013). The model comprises a decision variable which entails several potential man-
agement scenarios, management and system deﬁning variables, variables denoting ecosystem functions and services and a utility variable (rightmost node in the scheme),
indicating the cost-effectiveness of ESS delivery. This model layout enables analyzing costs and beneﬁts related to pond management taking into account three delivered services.
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in the model to evaluate and compare the considered scenarios in
terms of ESS delivery and management costs. This node, in which
each management scenario is represented as a separate state, was
coupled with the manageable variables to represent the inﬂuence
of management on these variables. Fig. 3 illustrates how the
considered scenarios were implemented in the BBN.2.3.3.2. Fish production. Fish farming activities in the area
comprise the production of a broad range of ﬁsh species. The effect
of ﬁsh stocking and the use of ﬁsh feeds on ﬁsh production, was
determined based on empirical data from previous research in the
study area (Lemmens, unpublished data) and on knowledge ob-
tained from local ﬁsh farmers. We assumed a ten-fold biomass
increase for benthivorous ﬁsh with additional feeding (based on
ﬁsh farmer experiences) and a one point ﬁve-fold increase for all
functional ﬁsh groups without the use of feeds (based on scientiﬁc
experiments). The economic valuation of ﬁsh production is based
on current market prices derived from face-to-face interviews with
local ﬁsh farmers. Although prices can show some variation among
years and with ﬁsh body size, we assumed ﬁxed market prices of
V4 kg1 for benthivorous and planktivorous ﬁsh and V10 kg1 for
piscivorous ﬁsh. In addition to these beneﬁts, also ﬁxed and vari-
able managements costs were taken into account (discussed in
section 2.1). The cost of providing additional feeding was derived
from interviews with local ﬁsh farmers.2.3.3.3. Cultural services. The cultural value people attach to im-
provements in the ecological status and accessibility of the ponds in
the study area was determined using a stated preference choice
experiment (CE) (Hoyos, 2010; Liekens et al., 2013; De Valck et al.,
2014). Biodiversity, water quality, shoreline complexity and acces-
sibility of the pond were the main variables included in the choice
experiment. Another important variable was distance to the pond
complex. This variable allows deﬁning a market extent without the
use of artiﬁcial boundaries (Liekens et al., 2013). As the willingness-
to-pay of the valuation function converged to zero for travel dis-
tances above 1 km, the market was limited to the households livingin a 1 km-buffer around the study area (Fig. 1). The obtained WTP-
formula summarizes a respondent's household's willingness to pay
for quality improvements of a single pond (1 ha) (Table 1, Eq. (1)).
The total cultural value of the pond was obtained bymultiplying
the average WTP per household with the number of households
within the market extent. Assigning a larger value to the size
attribute, to estimate the total WTP for the entire pond complex for
example, would result both in a larger market extent and a higher
WTP per household. Note that, in this case, the total WTP will be
substantially higher compared to the result of multiplying the total
WTP for a single pond with the total number of ponds in the
complex.
As the WTP depends on pond biodiversity and water quality,
both aspects as well as their determining processes, were included
in the model. These determining processes were modeled based on
general expert knowledge, gathered through an online expert
questionnaire (method adapted from Pollino et al., 2007).2.3.3.4. Nitrogen retention. Nitrogen retention in the pond system
was approximated by summing nitrogen assimilation in ﬁsh
biomass and denitriﬁcation of nitrogen in the water column. Ni-
trogen assimilation in ﬁsh biomass was derived from the modeled
ﬁsh biomass gain based on an average ﬁsh nitrogen content of 2.6%
(Ramseyer, 2002). Denitriﬁcation in the water column depends on
retention time and pond depth, and was modeled based on a
regression formula derived from a meta-analysis performed by
Seitzinger et al. (2006). This formula predicts percentage nitrogen
removal based on retention time and pond depth (Eq. (2)).
NNremovedð%Þ ¼ 88$
Water depth ðmÞ0:368
Residence time ðyearÞ (2)
To value nitrogen removal, we made use of the avoided abate-
ment cost, a valuation method suggested by Broekx et al. (2013) for
valuation of nitrogen removal in surface waters in Flanders,
Belgium. As local estimates for the study area were not available,
wemade use of a high (V74 kg1 N) and a low (V5 kg1 N) estimate
for the entire Flemish region (Cools et al., 2011). To instantiate this
Fig. 3. The implementation of the management scenarios and their relative inﬂuence
on the individual management variables: additional feeding, stocking of plankti-
vores, stocking of piscivores, stocking of benthivores, accessibility and shoreline
complexity.
D. Landuyt et al. / Journal of Environmental Management 145 (2014) 79e87 83input node in the network, we made use of a uniform distribution
over the entire range of the interval.
2.4. Qualitative and quantitative analysis of model results
2.4.1. Qualitative assessment of model results
A qualitative assessment of the model results is carried out
based on the intermediary ESS production nodes in the BBN. These
nodes express ESS production in biophysical terms (kg ha1 y1),
with the exception of the ESS cultural value, which is measured
directly in monetary terms (V ha1 year1). As aggregation of these
biophysical quantities per scenario is not possible, we normalized
each service between no production (0%) and maximum produc-
tion (100%) and compared them in radar plots for each manage-
ment scenario. This way, ESS delivery can be compared
qualitatively among the considered scenarios.
2.4.2. Quantitative assessment of model results
As uncertainties were taken into account to estimate the mon-
etary value of each delivered service, a probabilistic cost-beneﬁt
analysis was carried out for each scenario. In a probabilistic envi-
ronmental CBA, uncertainties associated with ESS delivery are
taken into account, while monetary values are used to express the
relative importance of the individual ESS. To visualize probabilistic
CBAs, cumulative probability distribution functions (CDFX) are
frequently used (Karmperis et al., 2012). CDFs can be easily derived
from discrete probability distributions (PX) (Eq. (3)).
CDFXðxÞ ¼ PðX  xÞ ¼
Xx
i¼0
PXðiÞ (3)
The slope of a CDF visualizes the uncertainty associated with the
outcome of a particular scenario. Steep curves denote low uncer-
tainty, while ﬂat curves denote high uncertainty. The position of the
curve indicates the proﬁtability of a particular scenario. Scenarios
are considered more proﬁtable the more right their curves are
located.
To test the model's sensitivity to the selected set of ESS, the
model was ran several times considering three different sets of ESS:
considering only ﬁsh production as a relevant ESS, considering both
ﬁsh production and cultural services, and taking into account all
three services. These three sets were composed in accordance with
the spatial distribution of the ESS beneﬁciaries ranging from local
ﬁsh farmers to regional citizens.
2.4.3. Sensitivity analysis
To analyze the sensitivity of the model output and the impor-
tance of each individual variable, we performed a sensitivity anal-
ysis. This analysis provides useful information on the importance of
each variable and its associated CPTs. The sensitivity analysis is
carried out with the Netica software (Norsys Software Corporation,
1998). For a detailed description of sensitivity analysis in Netica, we
refer to Marcot (2012).
3. Results
3.1. Qualitative and quantitative assessment of ecosystem service
delivery
The radar plots in Fig. 4 qualitatively represent ESS delivery
under the three considered management strategies. The expected
ESS delivery is positive under all management scenarios, with only
nitrogen retention being slightly negative under IFF management.
This indicates that intensively managed ponds discharge more ni-
trogen through their efﬂuent than they have received from
Table 1
Parameter estimates andmarginal willingness-to-pay values (V pond1 year1) for the attributes of thewillingness-to-pay function, estimated using an error components logit
model.
Attributes and interactions Model result WTP Conﬁdence interval
Price 0.01465c /
Average shoreline complexity 0.197627b 0.006751 0.003547; 0.010966
High shoreline complexity 0.217357c 0.007425 0.004088; 0.01174
Limited availability of walking trails 0.435792c 0.014888 0.009788; 0.023816
Full availability of walking trails 0.387062c 0.013223 0.008468; 0.020896
Average species richness 0.313036c 0.010694 0.006663; 0.017144
High species richness 0.323459c 0.01105 0.006848; 0.017536
Good water quality 0.859976c 0.029379 0.020526; 0.045707
Very good water quality 1.006895c 0.034398 0.023729; 0.054184
Size (ha) 0.001776a /
Distance (log (km)) 0.14722 10.0475 14,8277; 5.2664
Income (V) 0.000588c 0.0000201 0.0000128; 0.0000309
Member of nature organization (%)a size (ha) 1.878517c 0.064175 0.03889; 0.10187
a 10% Conﬁdence level.
b 5% Conﬁdence level.
c 1% Conﬁdence level.
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balanced and optimal ESS delivery when each of the ESS are
considered to be equally important. Fig. 4 additionally suggests
complementarity between IFF at the one hand and EFF and NCM at
the other hand due to a clear trade-off between ﬁsh production and
the other two considered services. This qualitative assessment does
not provide information on the relative importance of each service,
nor on the management costs or uncertainties associated with the
delivery of ESS.3.2. Monetary assessment of ecosystem service delivery
The probabilistic results of the CBA, considering all three ESS,
are shown in Fig. 5a. As can be seen in the plot, the curve of the
NCM scenario is located rightmost. Or, in other words, NCM seems
to be the most proﬁtable scenario. The curves of the IFF and EFF
scenario cross each other, indicating less clear differences in prof-
itability among these scenarios. Under the current selection of ESS,
both the expected net beneﬁt and the probability of a positive net
beneﬁt will be higher for NCM. Taking into account uncertainties,
IFF can be seen as a management practice associated with high
risks. The risks associated with the expected net beneﬁt of EFF and
NCM are lower. NCM can be considered as a low risk investment.
Note that the uncertainty in the model output should be seen as a
minimum estimate, as not all uncertainties are known and docu-
mented and, thus, integrated in the model.Fig. 4. Qualitative analysis of ecosystem service deliveFig. 5b and c illustrates the effect of taking into account fewer
services. In case only ﬁsh production is considered as a relevant
service, the IFF scenario stochastically dominates all other scenarios
and, thus, would be considered the most proﬁtable. Both the
probability of achieving a positive net outcome (intersection of the
curve with the vertical line) as the probability of achieving high
beneﬁts is higher for IFF than for the other management types.
When the cultural value is additionally taken into account, the
curves converge, resulting in comparable expected net beneﬁts for
NCM and IFF (Fig. 5b). The low proﬁtability of the EFF scenario is
mainly caused by the high costs related to stocking of piscivores, a
typical management practice in EFF. When all three services are
taken into account, the curves switch position, denoting NCM as the
most proﬁtable scenario. Both the expected net beneﬁt as the
probability of a net positive outcome is higher for NCM under this
more complete scenario.
3.3. Sensitivity analysis
Fig. 6 presents the top-ten most-inﬂuencing variables, deter-
mined by a sensitivity analysis of the model. As can be seen in this
ﬁgure, all variables are related to the nitrogen retention process,
which denotes that this process, and the way it is implemented in
the model, can inﬂuence the outcome remarkably. Furthermore,
none of the variables fromwhich the CPTs were elicited by experts
were listed, indicating that these variables were not of major
importance for the model output. As their importance in the modelry under the considered management scenarios.
Fig. 5. Probabilistic cost-beneﬁt analysis of the considered management scenarios
considering three different sets of ecosystem services: ﬁsh production, cultural value
and nitrogen retention (a), ﬁsh production and cultural value (b) and only ﬁsh pro-
duction (c). These cumulative probability distributions of the BBN output visualize the
probability of obtaining a lower net beneﬁt than a particular value on the x-axes. The
more right the curve, the more proﬁtable the scenario, the steeper the curve, the more
certain the expected net outcome of the scenario.
Fig. 6. Top-ten most-inﬂuencing variables derived from the sensitivity analysis. Per-
centage of variance reduction (X-axis) speciﬁes the reduction in variance of the output
variable given information on the state of the node on the y-axis.
D. Landuyt et al. / Journal of Environmental Management 145 (2014) 79e87 85is rather low, approximate estimation of the CPTs of these nodes
through expert elicitation should sufﬁce. For this purpose, the
survey deﬁnitely provided sufﬁcient information.
4. Discussion
4.1. Bayesian belief networks for decision support
As stated by Landuyt et al. (2013), BBNs are valuable tools to
assess ESS delivery in various contexts. Yet, several potentials of the
modeling technique remain underutilized. Modeling the full
cascade of ESS delivery using both decision nodes and utility nodes
and structuring knowledge to integrate poorly-documented ser-
vices with well-studied ones were mentioned as one of these
underutilized potentials (Landuyt et al., 2013). This paper clearly
illustrates the potential to integrate and structure knowledge from
diverse scientiﬁc domains ranging from ecology (ecological pro-
cesses) to economy (ESS valuation). Also the ability of BBNs to
inform decisionmakers based on uncertainties and the added value
of these uncertainties was demonstrated. Whereas management
suggestions may be clear when based on expected outcome, they
may be less clear when uncertainties are taken into account.
Consideration of risks associated with the outcomes of manage-
ment practices is especially useful when biological systems and
ﬁnancial markets, which are both inextricably linked with un-
certainties, are considered in a CBA. In these situations, the rele-
vance of conventional deterministic CBAs is limited.Yet, increased complexity is an important drawback of including
uncertainties in the analysis. Although guidelines exist to support
decision making based on probabilistic CBAs (Karmperis et al.,
2012), end-users may encounter some difﬁculties interpreting
them. Another important risk related to developing BBNs is using
knowledge obtained from a limited amount of experts to draw
general conclusions. One needs to consider that those conclusions
then only reﬂect the beliefs of the consulted experts and not
necessarily the truth.
4.2. Limitations of the model: exclusion of ecosystem services
Our results clearly demonstrate the risk of accounting only for a
limited set of services. While discriminating among scenarios
would reveal IFF as themost proﬁtablemanagement when only ﬁsh
production is valued, broadening the set of services tipped the
balance toward more nuanced and even qualitatively opposite re-
sults. The fact that different sets of ESS can change management
suggestions stresses the need to try to consider a complete or
balanced as possible set of delivered ESS for evaluating alternative
management practices and that ignorance of poorly studied ser-
vices entails an important risk for biased recommendations that
may be both qualitatively and quantitatively wrong. Considering
the fact that we have only included one regulatory service in our
analysis, while others (e.g. water retention) may be important as
well, we expect the model results to change considerably when
including more regulatory services. Based on ﬁndings of previous
research on the relationship between biodiversity and delivery of
regulating ESS (e.g. Balvanera et al., 2006), we expect that taking
into account additional regulating services would promote NCM as
the most proﬁtable scenario. Although this indicates that the pre-
sented model results cannot be seen as providing ﬁnal manage-
ment suggestions, we believe that the model has the potential to
contribute to more complete ESS assessments as both well-studied
(based on empirical data) and poorly-studied services (merely
based on qualitative data) can be taken into account in BNNs. Due
to their modular nature, BBNs can be easily expanded to include
more services when more information becomes available.
4.3. Limitations of the model: upscaling and spatial conﬁguration
As suggested in the methods section, considering the entire
pond complex will probably lead to completely different outcomes
D. Landuyt et al. / Journal of Environmental Management 145 (2014) 79e8786for the cultural values compared to multiplying the total economic
value of one pond with the total number of ponds in the complex.
The inability to use the model to assess ESS delivery of the entire
pond complex is therefore a second important limitation of our
current analysis. The causal relations in the BBN, derived for a single
pond, cannot be blindly extrapolated to multiple ponds. The
number of ponds and their spatial conﬁguration will have an effect
on ESS, such as nitrogen retention and regulation of water quality in
general. Biodiversity, for example, would beneﬁt from a combina-
tion of different pond management types (Oertli et al., 2002;
Scheffer et al., 2006; Lemmens et al., 2013), a result that is not
predictable with a model based on one pond. Upscaling of WTP
values encounters similar difﬁculties. As the survey considered only
uniform changes in one pond or similar changes in 50 ponds, we
cannot predict people's preference for particular mosaic scenarios.
Further research on this is needed, including identiﬁcation of
spatial interactions among ponds and assessing the cultural and
ecological value of mosaic scenarios.
4.4. Monetary valuation of ecosystem services
Applying monetary valuation in ESS assessment has both ad-
vantages and disadvantages (Gomez-Baggethun and Ruiz-Perez,
2011). An important advantage is the ability to aggregate the de-
livery of multiple services in a common indicator which is under-
standable for a broad range of stakeholders. Moreover, aggregation
of ESS delivery to one monetary value enables consideration of
management costs which, in turn, enables analyzing cost-
effectiveness of management practices. Although monetary valua-
tion in many cases can deliver clear and explicit results, some dis-
advantages of monetary valuation need to be mentioned. As stated
by Martín-Lopez et al. (2013), there is a bias toward provisioning
services. However, while the economic beneﬁts of ﬁsh production
are the easiest to quantify, only a limited set of stakeholders beneﬁt
from them. Given the negative relationship between intensive ﬁsh
production and biodiversity (Lemmens et al., 2013) and regulatory
services (this manuscript, Balvanera et al., 2006), this high yield for
a limited number of stakeholders comes at a cost for a broader set
of stakeholders. This cost is, however, more difﬁcult to quantify as
regulatory services in general are more difﬁcult to assess in mon-
etary terms. Moreover, monetary valuation is not well-designed to
quantify the intrinsic value of nature, which therefore needs to be
considered aside from the economic analysis of management
practices. Blinded by the strength of an economic analysis, assess-
ing the effects on biodiversity is frequently forgotten.
5. Conclusion
Putting the ESS approach into practice and accounting for un-
certainties are important challenges for sustainablemanagement of
ecosystems. The proposed methodology to assess multiple man-
agement practices shows that both are feasible. Compared to con-
ventional CBAs, the suggested approach of BBNs can offer valuable
information on uncertainties associated with environmental
management. In addition to the added value of uncertainties, the
beneﬁts of an ESS approach to provide guidelines for management
of water bodies are clearly demonstrated in this study. The key
challenge is, however, that many ESS remain difﬁcult to quantify as
their valuation often requires a lot of data. As a result, they risk to be
ignored in many assessments. Our analysis clearly shows that in-
clusion or ignorance of speciﬁc ESS strongly affects the model re-
sults and the recommendations that can be drawn from them. We
acknowledge that our analyses too are still far from being complete.
The added value of our analysis is that we at least managed to
include three different types of ESS (one production, one regulatoryand one cultural service), but we here did not yet deal with the
multiple regulatory services nor with the spatial extent and
conﬁguration of the whole pond complex.
Overall, the here suggested ESS approach seems to be suitable
for integrated environmental assessment. Nevertheless, the weak-
nesses of the ESS concept should not be ignored. For instance, due
to the anthropocentric nature of the concept, the importance of
biodiversity is frequently underestimated.
Although our study discusses an application of the ESS approach
on a single freshwater pond for a limited set of services, the
methods applied in this study can, in principle, be extrapolated
toward other ecosystems and more services, provided that the
necessary data are available. A lot of opportunities for BBNs exist for
modelling ESS in a variety of systems and contexts. The challenge
will be to avoid applying powerful approaches such as BBNs in a
simpliﬁed or biased context.
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